Tissue-type plasminogen activator (tPA) is one of the major components in the matrix proteolytic network whose role in the pathogenesis of renal interstitial fibrosis remains largely unknown. Here, we demonstrate that ablation of tPA attenuated renal interstitial fibrotic lesions in obstructive nephropathy. Mice lacking tPA developed less morphological injury and displayed a reduced deposition of interstitial collagen III and fibronectin as well as total tissue collagen in the kidneys after sustained ureteral obstruction, when compared with their wild-type counterparts. Deficiency of tPA selectively blocked tubular epithelial-tomyofibroblast transition (EMT), but did not affect myofibroblastic activation from interstitial fibroblasts. A marked decrease in matrix metalloproteinase-9 (MMP-9) induction was found in the obstructed kidneys of tPA -/mice, which led to a dramatic preservation of the structural and functional integrity of tubular basement membrane (TBM). In vitro, tPA induced MMP-9 gene expression and protein secretion in renal interstitial fibroblasts. Thus, increased tPA is detrimental in renal interstitial fibrogenesis through a cascade of events that lead to MMP-9 induction, TBM destruction, and promotion of EMT. Our findings establish a crucial and definite importance of EMT in the pathogenesis of renal interstitial fibrosis at the whole-animal level.
Introduction
Tissue-type plasminogen activator (tPA) is an essential component of the proteolytic cascade in blood coagulation and fibrinolysis. It also plays a pivotal role in the maintenance of the delicate balance between extracellular matrix production and degradation in vivo. The main function of tPA is to cleave plasminogen into biologically active plasmin. Plasmin, in turn, not only directly degrades matrix components, but also amplifies the proteolytic potential by converting matrix metalloproteinases (MMPs) from their zymogen to active form (1, 2) . In addition, tPA is implicated in the posttranslational activation of several growth factors, including TGF-β1 and HGF (3, 4) . Such action may have broader implications in tissue fibrogenesis, because both TGF-β1 and HGF are critical regulators of tissue extracellular matrix accumulation and deposition that function in an opposite manner (5) (6) (7) . Given the significance of tPA for matrix homeostasis in multicellular organisms, it is not difficult to comprehend that its expression and activity are tightly regulated through a multitude of controlling mechanisms. Dysregulation of tPA may contribute to the pathogenesis of a wide variety of diseases ranging from tumor metastasis to tissue fibrogenesis.
While the importance of the tPA in matrix proteolytic systems is well documented, its role in the pathogenesis of renal interstitial fibrosis, characterized by excess matrix accumulation and deposition, is poorly defined. Tubular interstitial fibrosis is often regarded as a final, common endpoint outcome of many forms of chronic renal disease (1, 8) . One of the key events during interstitial fibrogenesis is the de novo activation of α-smooth muscle actin-positive (α-SMA-positive) myofibroblast cells. Because these cells are primarily responsible for interstitial matrix accumulation and deposition in chronically diseased states (9) (10) (11) , and because they are essentially absent in the interstitial compartment of normal kidney (12) , elucidation of their origin(s) and the activation process is of fundamental importance both for understanding the pathologic mechanism of renal interstitial fibrosis and for identifying therapeutic targets. Myofibroblasts are often presumed to originate from residential fibroblasts; however, recent evidence suggests that they may also derive from tubular epithelial cells via an epithelial-to-myofibroblast transition (EMT) (13) (14) (15) (16) (17) (18) (19) . We
Disruption of tissue-type plasminogen activator gene in mice reduces renal interstitial fibrosis in obstructive nephropathy
recently proposed that renal EMT is an orchestrated, highly regulated, stepwise process in which destruction of the integrity of the tubular basement membrane (TBM) may be crucial (20) . However, whether molecules such as tPA, an upstream regulator of specific MMPs that can degrade TBM, are involved in the destruction of the TBM under pathologic conditions at the whole-animal level remains unknown.
The availability of genetically engineered mice in which the endogenous tPA gene is inactivated provides an invaluable, unprecedented model system to study the function of tPA in the pathogenesis of renal interstitial fibrosis in vivo. In this study, we investigated the progression of renal interstitial fibrosis induced by unilateral ureteral obstruction (UUO) in tPA +/+ and tPA -/mice. We found that the null mutation of the tPA gene protected kidney from developing interstitial fibrotic lesions. The detrimental effect of endogenous tPA was apparently not mediated by alterations in the expression and activation of profibrogenic TGF-β1 in the kidney. Rather, it was likely mediated by upregulating MMP-9 expression, leading to destruction of the TBM which in turn resulted in myofibroblastic transition of tubular epithelial cells via EMT. Our results validate the hypothesis that TBM integrity plays an essential role in preventing tubular EMT, thereby protecting normal renal morphology against development of fibrotic lesions.
Methods
Animal model. Colonies of homozygous tPA knockout (tPA -/-) and wild-type (tPA +/+ ) mice were raised from original breeding pairs obtained from P. Carmeliet of the University of Leuven, Belgium. They were housed in the animal facilities of the University of Pittsburgh Medical Center with free access to food and water. Animals were treated humanely in accordance with NIH guidelines and by use of approved procedures of the Institutional Animal Use and Care Committee at the University of Pittsburgh. Genotype was confirmed using PCR amplification of genomic DNA from the tail. The experiments were performed on male tPA -/and tPA +/+ mice with identical genetic backgrounds and with an average age of 10 weeks. There was no statistical difference in the body weight of tPA -/and tPA +/+ mice at the time of the experiments. Both wildtype (tPA +/+ ) and knockout (tPA -/-) animals were randomly assigned into four groups (with five mice per group): sham surgery for 3 days, UUO for 3 days, sham for 7 days, and UUO for 7 days. UUO was performed by ligating the left ureter using 4-0 silk after a midline abdominal incision, as described elsewhere (21) . Sham-operated mice had their ureters exposed and manipulated, but not ligated. Mice were sacrificed at day 3 or day 7 after surgery and kidneys were removed. One part of the kidney was fixed in 10% phosphatebuffered formalin followed by paraffin embedding for histologic and immunohistochemical studies. Another part was immediately frozen in Tissue-Tek OCT compound (Sakura Finetek, Torrance, California, USA) for cryosection. The remaining kidneys were snap-frozen in liquid nitrogen and stored at -80°C for extraction of RNA and protein.
RNA isolation and Northern blot analysis. Total RNA was extracted from the kidney by a single-step method using an Ultraspec RNA isolation system according to the instructions specified by the manufacturer (Biotecx Laboratories Inc., Houston, Texas, USA). RNA was quantified by determination of ultraviolet absorbance at 260 nm, and its purity was assessed by measuring the OD ratio at 260 and 280 nm. Northern blot analysis for gene expression was carried out by procedures described previously (12) . Briefly, samples of 20 µg total RNA were electrophoresed on 1.0% formaldehyde-agarose gels and then transferred to GeneScreen Plus nylon membrane (NEN Life Science Products Inc., Boston, Massachusetts, USA) by capillary blotting. Membranes were prehybridized for 4 hours at 65°C in a buffer containing 6× SSC (20× SSC is 3 M NaCl and 0.3 M sodium citrate, pH 7.0), 5× Denhardt's solution (0.1% Ficoll 400, 0.1% polyvinylpyrrolidone, and 0.1% BSA), 1% SDS, 10% dextran sulfate, and 100 µg/ml denatured salmon sperm DNA. 32 P-labeled DNA probes were prepared using the random primer labeling kit from Stratagene (La Jolla, California, USA) using [α-32 P]dCTP. Denatured probes were added to the same hybridization buffer at concentrations of 1 × 10 6 to 2 × 10 6 cpm/ml, and hybridization was allowed to proceed at 65°C for 16 hours. Membranes were washed twice in 2× SSC with 0.2% SDS at room temperature for 10 minutes, followed by two washes in 0.1× SSC with 0.2% SDS at 65°C for 20 minutes. The membranes were then exposed to x-ray film at -80°C with the aid of an intensifying screen. After autoradiography, membranes were stripped and rehybridized with rat GAPDH probe to assure equal loading of each lane.
Zymographic analysis. Gelatin zymographic analysis of MMP proteolytic activity in kidney tissue homogenates was performed according to the method described previously (20) . Kidney homogenates were prepared essentially according to the methods described by Kim et al. (22) . Protein concentration was determined using a bicinchoninic acid (BCA) protein assay kit with BSA as a standard (Sigma-Aldrich, St. Louis, Missouri, USA). A constant amount of protein from the kidney tissue homogenates (30 µg) was loaded onto 10% SDS-polyacrylamide gel containing 1 mg/ml gelatin (Bio-Rad Laboratories Inc., Hercules, California, USA). After electrophoresis, SDS was removed from the gel by incubation in 2.5% Triton X-100 at room temperature for 30 minutes with gentle shaking. The gel was washed well with distilled water to remove detergent and incubated at 37°C for 16 hours in a developing buffer containing 50 mM Tris-HCl at pH 7.6, 0.2 M NaCl, 5 mM CaCl 2 , and 0.02% BRIJ 35 (Sigma-Aldrich). The gel was then stained with a solution of 30% methanol, 10% glacial acetic acid, and 0.5% Coomassie blue G250, followed by destaining in the same solution without dye.
Proteinase activity was detected as unstained bands on a blue background representing areas of gelatin digestion. In some experiments, a potent (IC 50 = 2.7 nM) MMP-9 inhibitor, N-hydroxy-1,3-di-(4-methoxybenzenesulphonyl)-5,5-dimethyl-(1,3)-piperazine-2-carboxamide (MMP inhibitor II; Calbiochem-Novabiochem Corp., La Jolla, California, USA) (23) , was added to the developing buffer at a concentration of 10 nM to prevent MMP-9 activity. To detect renal plasmin and plasminogen activities, casein zymographical analysis was employed in the presence or absence of plasminogen, according to methods described elsewhere (24) . Briefly, equal amounts of kidney homogenates (30 µg) of tPA +/+ and tPA -/mice were loaded onto 10% SDS-polyacrylamide gel containing 2 mg/ml casein in the presence or absence of 10 µg/ml of plasminogen. After electrophoresis, SDS was removed from the gel by washing with 2.5% Triton X-100 solution. The gel was incubated at 37°C for 16 hours in 0.1 M glycine (pH 8.3). After the gels were stained with Coomassie blue G250 as described above, plasminogen activity was revealed as clear lytic bands on a blue background. Purified tPA (American Diagnostica Inc., Greenwich, Connecticut, USA) was loaded in an adjacent lane to confirm the correct size of tPA. In some experiments, aprotinin was included in the incubation buffer to prevent plasmin activity.
Histology and immunostaining. Paraffin-embedded kidney sections were prepared at 4 µm thickness by a routine procedure. Sections were stained with hematoxylin and eosin for general histology. Indirect immunofluorescence staining was performed on kidney cryosections using an established procedure. Cryosections were prepared at 5 µm thickness and fixed for 5 minutes in PBS containing 3% paraformaldehyde. After being blocked with 1% normal donkey serum in PBS for 30 minutes, the sections were incubated with primary antibodies against α-SMA (Sigma-Aldrich), fibronectin (BD Biosciences, Los Angeles, California, USA), collagen III (Southern Biotechnology Associates, Birmingham, Alabama, USA), and laminin (Chemicon Inc., Temecula, California, USA), respectively, in PBS containing 1% BSA overnight at 4°C. Sections were then incubated for 1 hour with cyanine Cy3-conjugated, affinity-purified secondary antibodies (Jackson ImmunoResearch Laboratories Inc., West Grove, Pennsylvania, USA) at a dilution of 1:100 in PBS containing 1% BSA, before being washed extensively with PBS. As a negative control, the primary antibody was replaced with nonimmune IgG, and no staining occurred. Some slides were then stained with proximal tubular marker, fluorescein-conjugated lectin from Tetragonolobus purpureas (Sigma-Aldrich), for localizing the proximal tubules. Slides were mounted with Vectashield anti-fade mounting media (Vector Laboratories Inc., Burlingame, California, USA) and viewed with an Eclipse E600 epifluorescence microscope equipped with a digital camera (Nikon Inc., Melville, New York, USA). For quantitation of TBM lesions in the obstructed kidneys of tPA +/+ and tPA -/mice, sections from kidney cortex of each mouse were double stained with laminin/tubular marker. The percentages of renal tubules that had one or more breaks in their TBM were counted in a blinded fashion in randomly chosen, nonoverlapping high-power (×400) fields. The data were calculated based on individual values that were determined in ten fields per mouse (n = 5 mice per group).
Biochemical measurement of total kidney collagen content. For quantitative measurement of collagen accumulation and deposition in the kidney, total tissue collagen content was determined by biochemical analysis of the hydroxyproline in the hydrolysates extracted from kidney samples. This assay is based on the observation that essentially all the hydroxyproline in animal tissues is found in collagen. Briefly, an accurately weighed portion of the obstructed kidney was homogenized in distilled H 2 O. The homogenates were hydrolyzed in 10 N HCl by incubation at 110°C for 18 hours. The hydrolysates were dried by speed vacuum centrifugation over 3-5 hours and redissolved in a buffer containing 0.2 M citric acid, 0.2 M glacial acetic acid, 0.4 M sodium acetate, and 0.85 M sodium hydroxide, pH 6.0. Hydroxyproline concentrations in the hydrolysates were chemically measured according to techniques previously described (24, 25) . Total collagen was calculated based on the assumption that collagen contains 12.7% hydroxyproline by weight. The results of total tissue collagen content were expressed as µg collagen per mg kidney weight.
Western immunoblot analysis. Kidney tissue extract was prepared in a buffer containing commercial protease inhibitor cocktail (Sigma-Aldrich) by the procedures described previously (26) . After protein concentration was determined, the tissue lysate was mixed with an equal amount of 2× SDS sample buffer. Samples were heated at 100°C for 5-10 minutes before loading and then separated on precast 10% or 5% SDS-polyacrylamide gels (Bio-Rad Laboratories Inc.). After the proteins were electrotransferred to a nitrocellulose membrane (Amersham Life Sciences Inc., Arlington Heights, Illinois, USA), nonspecific binding to the membrane was blocked for 1 hour at room temperature with 5% nonfat milk in TBS buffer (20 mM Tris-HCl, 150 mM NaCl, and 0.1% Tween 20). The membranes were incubated for 16 hours at 4°C with various primary antibodies in TBS buffer containing 5% milk at the dilutions specified by the manufacturers. The monoclonal α-SMA antibody was purchased from Sigma-Aldrich. The antibodies against TGF-β type I receptor and β-actin were purchased from Santa Cruz Biochemicals (Santa Cruz, California, USA). Binding of primary antibodies was followed by incubation for 1 hour at room temperature with the secondary horseradish peroxidase-conjugated IgG in 5% nonfat milk. The signals were visualized by enhanced chemiluminescence (ECL; Amersham Life Sciences Inc.).
Determination of basement membrane integrity by bacterial translocation. TBM integrity was assessed by a simple barrier-based method established in our laboratory, as described elsewhere (20) . This assay evaluates the structural and functional integrity of a reconstituted TBM by bacterial translocation using a two-compartment Boyden chamber with Transwell filters with pores (3 µm in diameter) (Corning-Costar Corp., Corning, New York, USA). Briefly, Matrigel (Becton, Dickinson and Co., Bedford, Massachusetts, USA), a solubilized basement membrane matrix, was added to the Transwell filters to form matrix gels at 37°C that mimic the in vivo TBM (27) . Matrigel at a concentration of 22 µg/cm 2 produced a matrix gel layer at 15 µm thick, which represents a 100-fold thickness of native TBM (150 nm) (28) . Preliminary studies showed that Matrigel on Transwell filters maintains its structural integrity for more than 7 days at 37°C and completely blocks bacterial translocation through the gel (data not shown). For the assay, the Transwell filters with Matrigel were incubated with tissue homogenates (rich in MMP-9) from the obstructed kidneys of tPA +/+ and tPA -/mice at 37°C for 4 days. E. coli DH5α (Life Technologies Inc., Grand Island, New York, USA) was grown in LB medium at 37°C overnight, and bacterial concentration was estimated by reading the OD at 600 nm, where an OD value of 1 is equivalent to 10 9 bacteria/ml. About 10 8 bacteria in 100 µl were added to the upper compartment of the Boyden chamber in a final volume of 400 µl. Aliquots (20 µl) were removed from the 1 ml of media in the bottom compartment of the chamber every half hour for 2 hours. Dilutions from each aliquot were plated on LB agar plates and incubated at 37°C for 16 hours, after which colonies were counted. To ascertain the involvement of MMP-9 in destroying TBM integrity, a potent MMP-9 inhibitor (MMP inhibitor II; Calbiochem-Novabiochem Corp.) (23) was included in the kidney homogenates of tPA +/+ and tPA -/mice at a final concentration of 10 nM during the incubation with Matrigel. The effects of MMP-9 inhibition on the reconstituted TBM integrity were evaluated by the bacterial translocation assay.
Determination of tissue TGF-β1 levels by ELISA. For measurement of active TGF-β1 protein levels in tissue, kidneys were homogenized in extraction buffer containing 20 mM Tris-HCl at pH 7.5, 2 M NaCl, 0.1% Tween-80, 1 mM EDTA, and 1 mM PMSF, and the supernatant was recovered following centrifugation at 19,000 g for 20 minutes at 4°C. Kidney tissue TGF-β1 levels were determined using a Quantikine TGF-β1 ELISA kit in accordance with the protocol specified by the manufacturer (R&D Systems Inc., Minneapolis, Minnesota, USA). This kit measures the abundance of active TGF-β1 protein that binds to its soluble type II receptor, which is precoated on a microplate. The concentration of tissue TGF-β1 in kidneys was expressed as pg/mg total protein.
Cell culture and tPA treatment. Normal rat renal interstitial fibroblast (NRK-49F) cells were obtained from American Type Culture Collection (Rockville, Maryland, USA). Human proximal tubular epithelial HKC cells (clone 8) were provided by L. Racusen of Johns Hopkins University (Baltimore, Maryland, USA). Cells were maintained in DMEM/Ham's F12 (1:1) supplemented with 10% FBS (Life Technologies Inc.). The cells were seeded on 12-well culture plates to 60-70% confluence in complete medium containing 10% FBS for 16 hours, and then changed to serum-free medium after washing twice with serum-free medium. Human single-chain tPA (Sigma-Aldrich) was dissolved in 1 M potassium bicarbonate as stock solution and added to the cultures at concentrations ranging from 10 -9 M to 10 -7 M as indicated. For control experiments, the cells were incubated with vehicle. After the cells were incubated for various periods of time following addition of tPA, supernatants were collected for assessment of MMP-9 and MMP-2 production and secretion by gelatin zymographic analyses, as described above. All experiments were repeated three times.
RT-PCR amplifications. NRK-49F fibroblasts were treated without or with tPA for various periods of time at the concentrations indicated. Total RNA was extracted using an Ultraspec RNA isolation system according to the instructions specified by the manufacturer (Biotecx Laboratories Inc.). RNA samples were quantified by determination of ultraviolet absorbance at 260 nm. The first strand of cDNA was synthesized using 2 µg RNA in 20 µl of reaction buffer by reverse transcription using AMV-RT (Promega Corp., Madison, Wisconsin, USA) and random primers at 42°C for 30 minutes. PCR was carried out using a standard PCR kit on 1-µl aliquots of cDNA and HotStarTaq polymerase (QIAGEN Inc., Valencia, California, USA) with specific primer pairs designed for rat MMP-9 and β-actin. PCR consisted of 35 cycles at 94°C for 1 minute, 55°C for 1 minute, and 72°C for 1 minute, followed by a final extension step at 72°C for 7 minutes. The PCR products were size fractionated on a 1.0% agarose gel and detected by ethidium bromide staining. No detectable signal was found in a parallel control tube without reverse transcriptase (data not shown). The sequence of primer pairs for rat MMP-9 was described previously (29) , with forward 5′-CTCACCAGCGCCAGCCGACTTAT and reverse 5′-GGCACTGAGGAATGATCTAA primers. The sequence of primer pairs for β-actin was as follows: forward, 5′-TCAAGATCATTGCTCCTCCTGAGC; reverse, 5′-TGCTGTCACCTTCACCGTTCCAGT. To further confirm the validity of RT-PCR products, an internal oligonucleotide (5′-AGCTGGCAGAGGATTACCTG) corresponding to rat MMP-9 cDNA sequence was synthesized and used as a probe to detect MMP-9 by Southern blot analysis, according to standard protocols (30) .
Statistical analysis. All data examined were expressed as mean ± SEM. For Western blot analysis, quantitation was carried out by scanning and analyzing the intensity of the hybridization signals using the NIH Image program. Statistical analysis of the data was performed using SigmaStat software (Jandel Scientific Software, San Rafael, California, USA). Comparison between groups was made using one-way ANOVA followed by the Student-Newman-Keuls test. A P value of less than 0.05 was considered statistically significant.
Results
Plasminogen activators and plasmin activities in the kidney of tPA -/mutant mice. Age-and sex-matched wild-type (tPA +/+ ) and knockout (tPA -/-) mice were induced to develop renal interstitial fibrosis by UUO. The expression and activity of intrarenal tPA in tPA +/+ and tPA -/mice was examined by both Northern blot analysis and casein zymography in the presence or absence of plasminogen. As shown in Figure 1a , ureteral obstruction induced a dramatic increase in tPA mRNA expression in the kidney of wild-type mice. As expected, no tPA mRNA was detected in the kidneys of either sham-operated or obstructed tPA -/mice ( Figure 1a ). Likewise, no tPA activity was found in the kidney homogenates of tPA -/mice, whereas a clear band at about 54 kDa was evident in the samples derived from wild-type counterparts ( Figure 1b ). The identification of this intrarenal tPA activity in the tPA +/+ mice was verified by including purified tPA protein in an adjacent lane as a positive control ( Figure 1b ). Furthermore, tPA and uPA activity completely disappeared when plasminogen was eliminated from the gel (Figure 1c ). Incubation with aprotinin, a plasmin inhibitor, abolished all lytic clearing in the absence of plasminogen (not shown), verifying that the upper bands were contributed by plasmin.
As noted above, the uPA and plasmin activities were also evident in the casein zymographical gels. No difference in uPA activity was detected between tPA +/+ and tPA -/mice (Figure 1 ), suggesting that uPA is not upregulated to compensate for the loss of tPA in the knockout mice. Paradoxically, despite the absence of tPA, the activity of intrarenal plasmin in the knockout mice was not reduced; in fact, it was slightly increased at day 3 after UUO, compared with the wild-type controls (Figure 1 ).
Attenuation of renal interstitial fibrosis in obstructive nephropathy in tPA -/mice. Figure 2 shows representative micrographs of the obstructed kidneys in tPA +/+
Figure 1
Expression and activity of tPA in the kidney of tPA +/+ and tPA -/mice. (a) Northern blot analysis of tPA expression in the kidney of tPA +/+ and tPA -/mice. Total RNA was isolated from the obstructed kidneys at day 3 and day 7 after UUO and hybridized with tPA cDNA probe. The same blot was stripped and reprobed with GAPDH to normalize the loading of each lane. The locations of 28S and 18S RNA are indicated. (b and c) Zymographic analysis of tPA activity in the kidney homogenates of tPA +/+ and tPA -/mice in the presence (b) or absence (c) of plasminogen. Equal amounts of whole-kidney homogenates (30 µg protein) from either tPA +/+ or tPA -/mice at day 3 and day 7 after UUO were loaded onto casein zymographic gel. A tPA standard (Std) was loaded in an adjacent lane to serve as positive control. The positions of tPA, uPA, and plasmin are indicated.
Figure 2
Attenuation of renal morphological injury and interstitial matrix deposition in obstructive nephropathy in mice lacking tPA. Representative micrographs show kidney morphology (a and b), collagen III (c and d), and fibronectin (e and f) deposition at 7 days after ureteral obstruction in tPA +/+ (a, c, and e) and tPA -/-(b, d, and f) mice. No appreciable difference in renal morphology and matrix deposition was observed in the kidneys of either sham-operated or UUO mice after 3 days between these two genotypes (not shown). However, significant reduction in morphological injury and interstitial matrix deposition was found at 7 days after UUO in the obstructed kidneys of tPA -/mice. The deposition of interstitial matrix components collagen III and fibronectin was shown by indirect immunofluorescence staining using specific antibodies. Scale bar, 20 µm. and tPA -/mice at 7 days after surgery. To our surprise, disruption of the tPA gene resulted in less morphological injury to the obstructed kidneys than was seen in the wild-type. In tPA +/+ mice with sustained, complete ureteral obstruction for 7 days, kidneys developed severe morphological lesions characterized by tubular dilation with epithelial atrophy, interstitial expansion with hypercellularity resulting from myofibroblast activation, and extracellular matrix accumulation. Under the same conditions, renal pathology was significantly improved in mice lacking tPA ( Figure 2 ), suggesting that endogenous tPA induces damage by promoting renal fibrotic lesions after chronic injury. Of note, no significant difference in the severity of renal pathology was found in tPA -/and tPA +/+ mice at 3 days after obstruction (data not shown).
We further examined the deposition of interstitial matrix components in the obstructed kidneys in tPA +/+ and tPA -/mice. Consistent with the morphological lesions, less collagen III and fibronectin deposition was found in the kidney at 7 days after ureteral obstruction in the tPA -/mice ( Figure 2 ) than in their wildtype controls. To quantitatively measure matrix accumulation, we determined the total tissue collagen content in the obstructed kidneys by a biochemical assay. Figure 3 shows the total kidney collagen content in the obstructed kidneys at day 3 and day 7 after surgery in tPA +/+ and tPA -/mice. No significant difference in total collagen content between tPA +/+ and tPA -/mice was found in the obstructed kidneys at day 3 ( Figure 3 ). About threefold-higher levels of collagen deposition were observed in the obstructed kidneys compared with sham-operated controls at day 7 in tPA +/+ mice (Figure 3 ). However, deficiency of tPA dramatically inhibited collagen accumulation in the kidneys after the same period (7 days) of ureteral obstruction ( Figure 3 ). In fact, the level of total collagen in the obstructed kidney at day 7 in tPA -/mice was compatible to that in sham-operated controls (7.91 ± 1.23 vs. 4.98 ± 1.16, P = 0.858, n = 5). Thus, disruption of the tPA gene protects kidney from developing interstitial fibrotic lesions after chronic, persistent injury.
Selective blockade of tubular epithelial-to-myofibroblast transition in tPA -/mice after sustained ureteral obstruction. Because α-SMA-positive myofibroblasts are the principal cells responsible for interstitial matrix accumulation and deposition, we next investigated the magnitude of myofibroblast activation after ureteral obstruction in tPA +/+ and tPA -/mice. As shown in Fig α-SMA protein in tPA -/mice compared with the levels in tPA +/+ mice. Time-course studies exhibited that a significant difference in α-SMA levels was observed only at a late stage (day 7) in obstructive nephropathy, a timepoint when tubular epithelial-to-myofibroblast transition is prominent in this model (20) . No appreciable difference between the tPA +/+ and tPA -/mice was detected in renal α-SMA expression at 3 days after ureteral obstruction (Figure 4, c and d) . Interestingly, the α-SMA level at 7 days after UUO was actually lower than that at 3 days in tPA -/mice (Figure 4, c and d) . A similar level of α-SMA protein was detected in the sham-operated kidneys in tPA +/+ and tPA -/mice, suggesting that tPA deficiency did not alter α-SMA expression under basal conditions. We next examined myofibroblast activation in the obstructed kidneys in tPA +/+ and tPA -/mice by immunofluorescence staining. As shown in Figure 5 , similar myofibroblast activation was found in tPA +/+ and tPA -/mice at 3 days after obstruction. Double staining for α-SMA (red) and proximal tubular marker (green) revealed that myofibroblast cells were predominantly localized within the interstitial compartment at this stage. At 7 days after UUO, marked activation of α-SMA-positive myofibroblasts was observed in the tPA +/+ mice (Figure 5g ). There were abundant cells undergoing tubular epithelial-to-myofibroblast transition, as demonstrated by positive staining for both α-SMA and proximal tubular marker (Figure 5i ). Cells at the transitional stage (yellow) between tubular epithelia and myofibroblast were typically disorganized and estranged from their neighbors. In contrast, significantly fewer myofibroblasts were identified in the obstructed kidney of tPA -/mice at 7 days after surgery, and these were primarily confined to the interstitial compartment. In accordance with α-SMA protein expression ( Figure 4 ), less myofibroblast activation was observed at day 7 than at day 3 in the obstructed kidneys in tPA -/mice ( Figure 5 ). These results suggest that null mutation of the tPA gene attenuates myofibroblast activation by selectively blocking tubular epithelial-to-myofibroblast transition in the diseased kidneys.
Induction of TGF-β1 axis expression is not altered in the obstructed kidneys in tPA -/mice. Since TGF-β1 is believed to play a critical role in initiating and promoting myofibroblast activation and fibrotic lesions in vivo (5, 20, 31) , we tested the hypothesis that altered TGF-β1 expression may account for the difference in interstitial fibrosis after chronic injury in tPA +/+ and tPA -/mice. TGF-β1 protein levels were determined by ELISA of whole-kidney lysates. As demonstrated in Figure 6a , ureteral obstruction caused a marked increase in renal TGF-β1 expression in the kidneys in a time-dependent manner. However, no significant difference in TGF-β1 protein level was found in the obstructed kidneys in tPA +/+ and tPA -/mice at 3 days and 7 days after UUO, suggesting that the renal protection seen in tPA -/mice is not attributable to altered TGF-β1 induction following persistent injury.
Levels of TGF-β1 type I receptor were also examined by Western blot analysis of whole-kidney lysates in tPA +/+ and tPA -/mice after ureteral obstruction. As shown in Figure 6b , the protein level of TGF-β1 receptor type I was virtually identical between tPA +/+ and tPA -/mice in the obstructed kidneys at 7 days after UUO. Hence, expression of the TGF-β1 axis does not account for the renal protection elicited by tPA deficiency in obstructive nephropathy. Similar levels of HGF expression were also observed in the obstructed kidneys of tPA +/+ and tPA -/mice at 7 days (data not shown).
MMP-9 induction is markedly attenuated in tPA -/mice after ureteral obstruction. We investigated the matrix-degrading proteases in the obstructed kidneys from tPA +/+ and tPA -/mice because a well-known
Figure 5
Deficiency of tPA selectively blocks the tubular epithelial-to-myofibroblast transition but not myofibroblastic activation from interstitial fibroblasts. Immunofluorescence staining demonstrates α-SMA-positive myofibroblasts in the obstructed kidneys in tPA +/+ and tPA -/mice. Left column: staining with α-SMA (red); middle column: staining with renal proximal tubule marker, fluorescein-conjugated lectin from T. purpureas (green); right column: merging of the two images. (a, b, and c) Images taken 3 days after UUO in tPA +/+ mice. (d, e, and f) Images taken 3 days after UUO in tPA -/mice. (g, h, and i) Images taken 7 days after UUO in tPA +/+ mice. (j, k, and l) Images taken 7 days after UUO in tPA -/mice. No significant difference in the intensity and localization of α-SMA-positive cells in the obstructed kidneys at day 3 after UUO was observed between tPA +/+ and tPA -/mice. Marked tubular epithelial-to-myofibroblast transition was evident in tPA +/+ mice at 7 days after ureteral obstruction, as demonstrated by colocalization of α-SMA and tubular marker (yellow) (i). Myofibroblasts were reduced in number and limited to the interstitial compartment of the obstructed kidneys after 7 days in tPA -/mice (l). Scale bar, 20 µm.
downstream function of tPA is regulating the activities of MMPs. Gelatin zymographic analysis of whole-kidney lysates displayed marked induction of both MMP-2 and MMP-9 in the obstructed kidneys of tPA +/+ mice at 7 days after ureteral obstruction. However, compared with their wild-type controls, MMP-9 induction was dramatically attenuated in the obstructed kidneys from tPA -/mice (Figure 7 ). Both pro-MMP-9 and active MMP-9 levels in kidney lysates were markedly reduced in tPA -/mice at 7 days after UUO. Under the same conditions, intrarenal MMP-2 expression barely decreased in tPA -/mice compared with tPA +/+ controls. This result on MMP-2 expression in tPA +/+ and tPA -/mice was further confirmed by Western blot analysis of whole-kidney lysates with anti-MMP-2 antibody (data not shown). Therefore, tPA deficiency results in dramatic attenuation of MMP-9 induction in obstructed kidneys after UUO.
The expression of MMP-9 was also examined by immunofluorescence staining. In the obstructed kidneys of tPA +/+ mice, abundant MMP-9 was largely expressed in the interstitial cells and confined to the TBM area and its close proximity (Figure 7) . In some regions, tubular epithelial cells disaggregated and formed discontinuous, islanded cell clusters ( Figure  7d ), which presumably resulted from an apparent breakdown of TBM that normally confines tubular epithelia. Double staining with proximal tubular marker and MMP-9 antibody revealed that these tubular cell clusters were isolated and bathed in the background of overflowing MMP-9 (Figure 7e , asterisk).
1532
The However, much less MMP-9 staining was observed in the obstructed kidneys of tPA -/mice. TBM integrity is preserved in obstructed kidneys in tPA -/mice. Because one of the specific substrates for MMP-9 is collagen IV (2, 32, 33), a major component of TBM, induction of MMP-9 could lead to destruction of renal TBM integrity, which is one of the key events during tubular epithelial-to-myofibroblast transition (20) . To test this hypothesis, we investigated and compared the effects of kidney tissue lysates rich in MMP-9 on TBM integrity using a bacterial translocation assay. This assay takes advantage of the properties of Matrigel used as a reconstituted TBM (20) . As shown in Figure 8 , incuba-tion of Matrigel with kidney lysate from tPA -/mice at 7 days after UUO resulted in fewer bacteria translocated through the Matrigel than when lysate of tPA +/+ mice was used, suggesting that TBM integrity is well preserved in the kidney of tPA -/mice following ureteral obstruction. To ascertain the involvement of MMP-9, we examined the effects of specific MMP-9 inhibition on destruction of TBM integrity by kidney tissue lysates. As shown in Figure 8e , incubation with a potent MMP-9 inhibitor at a concentration of 10 nM almost completely abolished MMP-9 activity in the kidney lysates from tPA +/+ and tPA -/mice, as demonstrated by a gelatin zymographic assay. Under the same conditions, (Figure 8e ), confirming the specificity of this MMP-9 inhibitor. When the MMP-9 inhibitor was included during the incubation of kidney lysates with Matrigel in the bacterial translocation assay, no significant difference was found in the numbers of bacteria translocated through Matrigel between tPA +/+ and tPA -/groups (Figure 8f ). Thus, preservation of TBM integrity in tPA -/kidneys is primarily mediated by reduced MMP-9 expression.
MMP-2 activity was completely intact
We further directly examined the TBM structural integrity of the obstructed kidney in tPA +/+ and tPA -/mice. Immunofluorescence staining with laminin revealed a broken, discontinuous TBM in significant numbers of renal tubules from the kidneys of tPA +/+ mice at 7 days after UUO (Figure 9 , a-c). In the tubules with interrupted TBM, tubular epithelial cells tended to migrate toward the interstitial compartment (Figure 9 , b and c). However, under identical conditions, TBM integrity was largely preserved with uninterrupted staining of TBM in tPA -/mice ( Figure  9, d and e ). Quantitative determination revealed that about 28% of renal tubules in the cortical regions displayed TBM lesions manifested by one or more breaks in the kidneys of tPA +/+ mice at 7 days after UUO, whereas less than 5% of renal tubules had similar TBM lesions in tPA -/kidneys (Figure 9f) . These results suggest that deficiency of tPA leads to decreased MMP-9 expression, which in turn preserves TBM from destruction under chronically pathologic conditions. tPA induces MMP-9 expression and secretion in renal interstitial fibroblasts in vitro. The fact that tPA deficiency leads to reduced MMP-9 expression in a plasmin-independent manner after renal injury raised the intriguing possibility that tPA might directly influence MMP-9 expression and secretion. To address this issue and to provide a mechanistic insight into the intrinsic connection between tPA and MMP-9, we investigated the effects of tPA on MMP-9 expression and secretion using an in vitro renal cell culture system. As shown in Figure 10 , incubation of NRK-49F renal interstitial fibroblast cells with human tPA protein induced MMP-9 protein expression and secretion in a dose-and time-dependent manner. Zymographic analysis revealed that MMP-9 was markedly induced in the supernatant of NRK-49F fibroblasts when incubated with 10 -7 M tPA (Figure 10a ). The MMP-9 induced by tPA at higher concentrations (10 -7 and 10 -8 M) was predominantly in zymogen form, implying that the robust MMP-9 is likely due to increased production rather than enhanced posttranslational activation. However, when tPA was used at a low concentration (10 -9 M), increased active MMP-9 was also evident in the supernatant of renal fibroblasts ( Figure  10a ). Of note, tPA did not significantly induce MMP-2 expression and secretion in these cells (Figure 10a ). Incubation of human proximal tubular cells (HKCs) with tPA also did not induce MMP-9 expression and secretion (data not shown), consistent with the in vivo observation that MMP-9 did not colocalize with tubular marker in the obstructed kidneys (Figure 7e) .
Given the induction of pro-MMP-9, but not active MMP-9, by tPA at higher concentrations, we suspected that tPA might activate MMP-9 gene expression, which in turn leads to increased MMP-9 protein secretion in renal interstitial fibroblasts. To prove this, we examined the steady-state levels of MMP-9 gene transcripts in NRK-49F cells after treatment with tPA. As demonstrated in Figure 10 , c-f, a low level of MMP-9 mRNA was detected in NRK-49F cells under basal conditions as assessed by RT-PCR; however, tPA markedly induced MMP-9 gene transcripts in renal interstitial fibroblasts in a dose-dependent manner. Kinetics studies revealed that tPA stimulated MMP-9 gene expression as early as 12 hours after treatment, a timepoint significantly preceding induced MMP-9 protein secretion (24 hours). With these results taken together, it appears clear that tPA, a serine protease in nature, induces MMP-9 gene expression and protein secretion in renal interstitial fibroblast cells. 
Discussion
In view of its matrix-degrading capacity, tPA was originally hypothesized to be beneficial in chronic renal fibrogenesis due to its perceived potential to lessen interstitial matrix accumulation and deposition. Instead, in this report, we present evidence that the null mutation of the tPA gene protects kidney from developing interstitial fibrotic lesions after sustained ureteral obstruction, suggesting that endogenous tPA actually accelerates renal fibrogenesis. In this regard, our results using tPA -/mice are quite unanticipated. This beneficial outcome of tPA deficiency is likely attributable to a decrease in MMP-9 induction in these mice after chronic injury that in turn leads to preservation of the TBM and avoidance of tubular epithelial-tomyofibroblast transition as seen in wild-type kidneys. These data underscore that TBM integrity may play a fundamental role in prevention of tubular EMT, thereby attenuating renal interstitial fibrosis.
TBM integrity: a critical determinant for epithelial-to-myofibroblast transition in vivo. TBM consists predominantly of collagen IV, laminin, and entactin. It provides a structural foundation for tubular epithelial cells to lie upon for proper function. Growing evidence suggests that TBM is not just a static physical barrier that separates tubular epithelial and interstitial compartments in the kidney. Rather, its composition is dynamic in nature and it likely plays an important role in regulating tubular epithelial cell phenotype and physiology. For example, a recent report by Zeisberg et al. shows that alteration in TBM composition regulates tubular epithelial cell transdifferentiation in vitro (34) . It is also reported that interstitial collagen type I tends to promote EMT, whereas the TBM component collagen type IV is likely to inhibit this phenotypic transition (14, 34) . We previously demonstrated that EMT is an orchestrated, highly regulated process consisting of four key steps, in which destruction of the TBM plays a crucial role by clearing the path for transformed cells to ultimately migrate into the interstitial compartment of the kidney (20) . The present study using tPA -/mice implies that TBM integrity may have a greater role in EMT than we originally anticipated. Preservation of TBM integrity in tPA -/mice not only leads to fewer myofibroblast cells in renal interstitium, which is presumably due to restraint of cell migration by the TBM barrier, but also reduces overall α-SMA expression and myofibroblast activation in the obstructed kidneys. This suggests that TBM integrity per se may have the ability to block myofibroblastic transdifferentiation from tubular epithelia in vivo, probably by preventing the ready access of tubular epithelial cells to the interstitial matrix microenvironment after destruction of TBM (35) . This view is in harmony with the notion that interstitial matrix components such as collagen type I and fibronectin, via their cellular receptor integrins, play a significant role in myofibroblastic transdifferentiation of renal tubules (36) . Hence, TBM integrity is likely to be one of the pivotal determinant factors in regulating tubular epithelial cell phenotypic transition under pathologic conditions. Renal EMT and interstitial fibrosis are regulated by several growth factors (17, (37) (38) (39) . Profibrogenic TGF-β1 initiates and completes the entire EMT course in cultured tubular epithelial cells in vitro (13, 20, 40) . Renal tubular cells incubated with TGF-β1 lose the epithelial marker E-cadherin, induce de novo expression of α-SMA, and reorganize actin to form stress fibers (13, 20) . These cells also express abundant MMP-2, which can specifically degrade TBM, and acquire an enhanced motility and invasive capacity (20) . In contrast, HGF has a remarkable ability to block tubular EMT initiated by TGF-β1 both in vitro and in vivo (37) . Given the fact that tPA is implicated in the posttranslational activation of TGF-β1 (via plasmin) and HGF (directly), it is logical to speculate that altered TGF-β1 and/or HGF expression and activation may account for amelioration of obstructive nephropathy in tPA -/mice. Upon examination, TGF-β1 induction and activity in the obstructed kidneys were found to be similar in mice either retaining or lacking tPA ( Figure  6 ), suggesting that any role for tPA in TGF-β1 activation is compensated for by another mechanism in tPA -/mice. Consistent with this notion, little difference in the expression of MMP-2, one of the targets of TGF-β1 signaling in tubular epithelial cells (20) , was observed in the obstructed kidneys in the tPA +/+ and tPA -/mice (Figure 7) . Similarly, HGF activation in the obstructed kidneys was not significantly affected by the null mutation of tPA in the whole animal, despite its implication in HGF activation in vitro (4). This is not surprising, as the activation of HGF can be mediated by at least six serine proteases, including tPA, uPA, and HGF activator (4, (41) (42) (43) . Hence, the functional redundancy of many factors in activating endogenous HGF may explain the similarity in HGF activation in obstructed kidneys from tPA +/+ and tPA -/mice. Furthermore, if tPA were of vital importance for HGF activation in vivo, one would expect to see more severe fibrotic lesions in tPA -/mice, rather than less severe, because less anti-fibrogenic HGF activity would be expected in the kidneys of these mice after ureteral obstruction. Collectively, it is concluded that the attenuation of renal myofibroblast activation and interstitial fibrosis in tPA -/mice appears to be independent of TGF-β1 and HGF. Thus, preservation of TBM integrity alone has major implications in preventing EMT and renal interstitial fibrosis at the whole-animal level.
Myofibroblast activation: diverse origins and distinct dynamics. Activated, α-SMA-positive myofibroblasts are the principal matrix-producing cells responsible for excess interstitial extracellular matrix accumulation and deposition as seen in diseased kidneys. Myofibroblast activation arguably is a key event that precedes massive renal interstitial fibrosis. Because of their virtual absence in the interstitium of normal kidneys, the exact origin(s) and activation process of interstitial myofibroblasts under pathologic conditions remain largely undefined and controversial. Possible sources of renal myofibroblasts include interstitial fibroblasts, transdifferentiated tubular epithelial cells, and circulating mesenchymal precursor cells (19, 37) . Whether only one or all of these potential sources contributes to the myofibroblast pool in a given disease condition remains elusive. The results from this study may shed new light on understanding the origins and dynamics of interstitial myofibroblast activation. It is tempting to propose that myofibroblast activation in the obstructive kidney is a dynamic process in which myofibroblasts are derived from local activation of residential fibroblasts at the earlier stage of obstructive nephropathy (3 days after obstruction) and are mainly derived from tubular epithelial cells via EMT at the later stage (7 days). Myofibroblast activation at the early stage (3 days) is confined to the interstitial compartment, and is likely independent of TBM integrity and EMT. However, in the later stage (7 days), myofibroblast activation originates mainly from EMT, which in turn relies on compromised TBM integrity (35) . Thus, selective blockade of EMT at this phase in tPA -/mice as seen in the present study has major implications in myofibroblast accumulation in the obstructed kidneys. The observation that marked reduction of myofibroblasts occurs only at 7 days and not at 3 days after UUO in tPA -/mice strengthens this view. Furthermore, earlier studies in diverse animal models indicate that renal EMT typically takes place at the later stage during the pathogenesis of renal fibrosis (16, 19, 20) . Hence, it is highly likely that both interstitial fibroblasts and tubular epithelial cells contribute to the accumulation of myofibroblast cells at different phases in diseased kidneys.
If both interstitial fibroblasts and tubular epithelial cells contribute to the myofibroblast pool in diseased kidney, the fundamental question then is: what is the relative importance of EMT to renal fibrogenesis? In other words, is EMT essential for renal fibrogenesis? The difficulty in addressing this issue is obvious, because one cannot separate the myofibroblasts derived from EMT versus those derived from fibroblasts in vivo. In this regard, the finding on selective blockade of EMT, but not myofibroblast activation from fibroblasts, in obstructive nephropathy in tPA -/mice suggests a unique model system for understanding the role of EMT in the pathogenesis of renal fibrosis. One of the intriguing findings in this study is that myofibroblast accumulation after sustained obstruction for 7 days was actually less than at 3 days in tPA -/mice (Figure 4 and Figure 5 ). This suggests that in the absence of EMT, due to a selective blockade in tPA -/mice, the progression of myofibroblast accumulation and renal interstitial fibrogenesis is not only blunted, but also reversed. This observation is of major importance, because for the first time it provides compelling evidence for a definite role of EMT in the pathogenesis of renal interstitial fibrosis in vivo. It now appears clear that without EMT, renal myofibroblast activation and interstitial fibrogenesis cannot be sustained and is likely to be reversible. This view is supported by earlier studies using the reversible UUO model. Relief of ureteral obstruction after 3 days restores renal structure and function (data not shown). Such short-term obstruction does not induce TBM destruction and EMT ( Figure 5 ). However, renal structure and function is permanently impaired when relief of obstruction occurs after a sustained injury (more than 5 days) (44) (45) (46) , a time when TBM integrity is impaired and EMT is prominent. Hence, EMT not only actively participates in the pathogenesis of interstitial fibrogenesis, but also may function as an intrinsic determinant for irreversible progression of chronic fibrotic lesions.
tPA and MMP-9: intrinsic connection beyond proteolytic cleavage. Among many of the growth factors and members of the plasminogen-plasmin and MMP systems studied, disruption of the tPA gene only attenuated MMP-9 induction in the diseased kidneys. This suggests an intrinsic link between tPA and MMP-9 in obstructive nephropathy. Surprisingly, ablation of tPA did not significantly affect the expression of either plasmin (a product of tPA) or uPA, the functional cousin of tPA that can also generate plasmin (Figure 1) . Logically, loss of tPA would have been expected to result in an attenuation of plasmin activity or a compensatory increase in uPA. A reasonable explanation for these results is the existence of functional compensation and redundancy for tPA in vivo. Such functional compensation for knockout genes is not an unusual phenomenon (47) (48) (49) .
MMP-9 and tPA are linked via classic proteolytic cleavage. It is well known that tPA can increase MMP-9 activity by generating plasmin, which converts the zymogen into its active form. Surprisingly, the present study provides clear evidence that tPA is an upstream inducer for MMP-9 gene expression in the diseased kidney. Direct correlation between tPA and MMP-9 is established both by concomitant induction of tPA and MMP-9 expression in obstructed kidney in wild-type mice (Figure 1 and Figure 7 ) and by decreased expression of MMP-9 in the obstructed kidneys of tPA -/mice. More importantly, incubation of renal interstitial fibroblasts with tPA protein induced MMP-9 gene expression and protein secretion ( Figure 10 ). These findings suggest that the connection between tPA and MMP-9 goes beyond proteolytic cleavage and involves MMP-9 gene activation by tPA. Of note, although sustained injury after ureteral obstruction induces both MMP-9 and MMP-2 in the kidney, earlier studies using cultured tubular epithelial cells indicate that TGF-β1 is most likely responsible for MMP-2 induction (20) . Any contribution of TGF-β1 to MMP-9 induction is minimal during pathologic conditions (20) .
How tPA controls MMP-9 gene expression in the diseased kidney remains a fascinating question. Our results suggest that tPA upregulates MMP-9 gene expression in vivo through a mechanism that is independent of its proteolytic activity, since plasmin activity was not reduced in tPA -/mice. Therefore, the intrinsic connection between tPA and MMP-9 may operate at two levels: plasmin-dependent MMP-9 posttranslational activation (classical) and plasmin-independent upregulation of MMP-9 gene expression (novel). Along this line, it is of interest to note that tPA at low concentration (10 -9 M) increased active MMP-9 in renal interstitial fibroblasts, whereas at high concentrations (10 -8 M and 10 -7 M) it predominantly induced pro-MMP-9, presumably by activating its gene expression ( Figure 10 ). This implies that the dual actions of tPA are probably controlled by its concentration gradients in a given circumstance. In the pathophysiological states in which its level is high, tPA may activate MMP-9 primarily by upregulating its gene expression. Of note, such a high concentration of tPA (10 -8 M) could be readily achievable under pathologic conditions, given the dramatic induction of its mRNA in the obstructed kidneys of tPA +/+ mice (Figure 1 ).
Our novel finding on the induction of MMP-9 gene expression by tPA suggests that this serine protease may have much broader functions in the diseased kidney than we originally thought. Although not tested, we would not be surprised if the expression of other genes besides MMP-9 could also be regulated by tPA. Consistent with this view, there are numerous studies demonstrating that components of the plasminogenplasmin and MMP systems, such as tPA, uPA receptor, PAI-1, and TIMP-1, elicit a wide range of cellular activities by initiating specific gene expression in ways other than their conventional function in the proteolytic cascade (50) (51) (52) (53) (54) (55) (56) . In particular, tPA has been reported to stimulate PAI-1 secretion in human lung fibroblasts (57) and in rat epithelioid-type smooth muscle cells (58) , although it remains unknown whether this action of tPA is mediated by inducing PAI-1 gene expression. It has also been shown that tPA is capable of mediating microglial activation in response to neuronal injury in a plasminogen-independent fashion (59, 60) . In view of its ability to induce MMP-9 gene expression, it is plausible to speculate that tPA may function as a nonproteolytic cytokine that triggers a cascade of intracellular signal transduction, leading to expression of specific genes. Along this line, it is interesting to point out that tPA shares significant sequence and structure homology with two well-studied cytokines, HGF and macrophage-stimulating protein (61, 62) .
In summary, the studies presented in this paper demonstrate that deficiency of tPA protects the kidney from developing fibrotic lesions in obstructive nephropathy. This beneficial effect is likely mediated by a cascade of events that include reduction of MMP-9 expression, preservation of TBM integrity, and selective blockade of tubular EMT. In addition, we have uncovered a novel mechanistic link between tPA and MMP-9 in which the serine protease tPA activates MMP-9 gene expression and protein secretion. We show here that without significant alteration of major pro-and anti-fibrogenic growth factors (TGF-β1 and HGF), and without affecting myofibroblastic activation from interstitial fibroblasts, selective blockade of tubular EMT alone in tPA -/kidneys dramatically ameliorates renal interstitial fibrosis after obstructive injury. Our results establish a vital role and definite contribution of EMT in renal interstitial fibrogenesis at the whole-animal level. Hence, blockage of any one of the key steps in EMT (20, 37) will offer unique opportunities for inhibiting myofibroblast activation from tubular epithelial cells and for ultimately mitigating renal interstitial fibrosis.
